We have numerically analyzed the asymmetric separation flow control over a slender body aiming to improve the controllability of high-angle-of-attack flight; in this study, the dielectric barrier discharge (DBD) plasma actuator is used as flow control device. A Reynolds averaged Navier Stokes/large-Eddy Simulation hybrid method (RANS/LES) is adopted with a high-order compact spatial difference scheme. First, the characteristics of flow field were investigated for various angles of attack. The asymmetricity of the flow field becomes stronger with higher angle of attack. In addition, the flow separation point is changed depending on the angle of attack, axial position and body side (starboard or port side). Next, numerical simulations of the flow field controlled by the plasma actuator were conducted. Plasma actuators are located circumferential position of ±80 degrees, ±100 degrees or ±120 degrees. We investigated the influence of the positional relation between the flow separation point and the actuator location on the side force control. As a result, it is shown that the circumferential position of the plasma actuator is important and should be chosen from the position and distance from the flow separation point. In addition, it is considered that the plasma actuator at closer position to the body apex has a stronger impact on the flow field.
Introduction
A Slender body is a typical body shape of rocket vehicles and fore-body of aircrafts. It is generally known that the asymmetric vortices are formed over a slender body at high angle of attack, even if the body is axis-symmetric.
1) The asymmetrical separation vortices produce side force and yawing moment acting on the body, and it leads to instability in attitude of vehicles. Characteristics of the flow field over a slender body at high angle of attack can be classified into four groups based on the apex angle of body and the angle of attack as shown in Fig. 1 . 1) In Fig. 1 , the relations of the body apex angle c and each threshold angle of attack are SV = 1.1~1.3 c , AV = 2 c UV = 70~75degrees. 1) In the case of (c), the vortex filaments separate from the body surface and the vortex structure becomes asymmetric. Many studies 2, 3) have been conducted to clarify the generation mechanism of the asymmetric separation vortices and understanding the structure and transport characteristics of the vortices. Some of researches aim at suppression and control asymmetric vortices using flow control device. This is because conventional attitude control devices such as a thruster and a rudder are not efficient and not effective to overcome side force; high-power thruster is needed for the large side force and the rudder in the wake flow does not work well. Several active flow control devices such as a micro jet have been proposed and studied 4, 5) ; however, no active flow control device has been put into practical use due to complexity of its mechanism or difficulty of supplying high pressure working fluids.
In recent years, a dielectric barrier discharge (DBD) plasma actuator, which is one of the active flow control devices, gets much attention as more effective device. 6, 7) The DBD plasma actuator has a quite simple configuration as shown in Fig. 2 . It consists of two electrodes separated by a dielectric and displaced in the stream wise direction. An alternating voltage applied to the electrodes induces a wall-surface jet as shown in Fig. 2 . The momentum is added to the boundary layer by attaching the actuator on the body surface, and the flow separation can be suppressed. The DBD plasma actuator has many advantages against previous active control devices; fast response to the control input, extremely thin, light-weight and no-moving part. There are some previous studies 8, 9, 10, 11) in which the DBD plasma actuator is applied to the active control of the asymmetric vortices. In these previous studies, the DBD plasma actuator has been installed to the apex of the slender body, but it was indicated that the proportional control of the side force was difficult; the asymmetric vortex structure is sensitive to any disturbances at the body apex, and the control at the apex leads to the bang-bang control of the side force due to the bi-stable characteristics of the asymmetric vortices. We have proposed the proportional control method of the high-angle-of-attack side force by the DBD plasma actuator installed to the aft body. In our concept, the plasma actuator is driven only at the port or starboard body side to asymmetrically control the separation flow. Our concept has been successfully demonstrated in wind-tunnel experiments and numerical simulations. 12) However, the control effect is not sufficient in high Reynolds number flow (high-speed mainstream), the optimization of the installation position and actuation pattern (such as the burst actuation) is needed to enhance the flow control effect.
To understand the side force control mechanism and obtain the guideline for the optimization of the actuator installation position, in this study, we conduct numerical simulations for various circumferential installation positions of the actuator, and the control effects of the side force are investigated focusing on the positional relation between flow separation point and the actuator installation position. 
Computational Models

Governing equations
The three-dimensional compressible Navier-Stokes equations are employed as governing equations; these equations are non-dimensionalized using the slender body diameter D and the sonic velocity of free-stream. They consist of the mass, the momentum and the energy conservation laws. The non-dimensionalized governing equations are represented as follows: 
Three basic non-dimensional number Re, Pr and M are the Reynolds number, the Prandtl Number and the free-stream Mach number, respectively:
In Eqs. (2) and (3), the last terms of right-hand side represent the source terms arising from the body force produced by the DBD plasma actuator.
Modeling of plasma actuator
In Eqs. (2) and (3), the last terms of right-hand side are represented as follows:
The electric charge q c and electric field E i distribution are determined using the Suzen model. 13, 14) In this model, the Poisson equation of electrostatic potential is numerically solved under the assumption that plasma (ions and electrons) number density follows the Boltzmann relation (i.e. the plasma number density is determined by the electrostatic potential and the Debye length; the Debye length is set to be 1 mm in this study). We assume that the effect of the external flow on the body force field is sufficiently-small, and the information of the external flow field is not fed back to the Suzen model (one-way coupling). The D c is the non-dimensional number relating to the electromagnetic force and determines the magnitude of the body force, and represented as follows:
Typical body force field obtained by the model is shown in Fig. 3 . The body force field of DBD plasma actuator changes exposed electrode plasma induced flow dielectric
in time corresponding to the AC voltage cycle. However, the fluid motion cannot follow the time variation of the body force field because the AC voltage frequency is more than several kHz. Therefore, the time-averaged body force field is statically applied to the flow field in this study. Two-dimensional body force field obtained from the Suzen model is uniformly extended to produce the three-dimensional distribution.
In this study, the output power of the DBD plasma actuator is expressed by a non-dimensional number C . The C is defined as follows: 
Numerical schemes
The LES/RANS Hybrid method is adopted because it is considered that small vortex structures play significant role to decide the all flow field. A Reynolds-averaged-Navier-Stokes (RANS) model is applied to the region near the body surface, whereas the large-eddy simulation (LES) is applied the region away from the body. The Baldwin-Lomax turbulence model is used for the RANS computation. In the LES computation, the implicit large eddy simulation (ILES) approach 15 ) is adopted; additional stress and heat flux models are not used, and a high-order low-pass filter is only used to damp the sub-grid-scaled high-frequency waves.
For spatial differencing, the sixth-order compact scheme is adopted, and the sixth-order tri-diagonal filter is together used for numerical stability. 16, 17) For the time integration, an implicit method lower-upper symmetric alternating direction implicit and symmetric Gauss-Seidel (ADI-SGS) 18 ) is used. To ensure the time accuracy, backward second-order difference formula is used for time integration whereas three sub-iterations 19) are adopted. The Courant number based on the minimum grid spacing and the mainstream velocity is approximately 10.
Computational Conditions
Flow conditions
The free-stream Reynolds number based on the cylinder diameter is Re = 3.0×10 4 . The free stream Mach number is 0.3. The Prandtl number set to be 0.72.
Slender body shape
The fore-body is a cone shape and the aft-body is a cylinder shape. The detailed dimension and shape are shown in Fig. 4 . 
Computational grids
The zonal method is employed to treat the small plasma actuator region. The computational grids are shown in Fig. 5 . The grids consist of three parts, the slender body grid (Zone 1) and the fine grid (Zone 2, 3). The Zone 1 grid consists of 219 axial (j) points, 186 circumferential (k) points and 101 normal (l) points. The minimum grid spacing of body surface in the laminar boundary layer needs to take smaller than . In this research, it is 1.5×10 -4 because Reynolds number is 3.0×10 4 . 
Plasma actuator arrangements and actuation condition
The plasma actuators are located at the aft-body and its induced flow direction is forward direction against the cross flow direction. The circumferential angles of the installation point from the windward meridian are ±80, ±100 or ±120 degrees (Fig. 6 ). The plasma actuator is driven only port or starboard body side. 
Geometrical disturbance (bump)
It has been reported in previous studies 20, 21) that a symmetry-breaking imperfection is required to make the asymmetry separation vortices. In the actual flight condition or the wind tunnel experiment, the free-stream turbulence and imperfection of the body shape cause asymmetry vortices. To simulate the symmetry-breaking imperfection a small geometrical disturbance (bump) is added near the body apex according to the reference. 20, 21) This disturbance represents various disturbances such as the small surface roughness on experimental models and free-stream turbulence. The bump was located at 90 degree circumferentially from the windward meridian. 
Characteristics of High Angle of Attack Flow Field
First, detailed characteristics of high-angle-of-attack flow field are shown for later discussion of the flow control. The effects of angles of attack on the time averaged flow fields are discussed. Figure 8 shows the side force coefficient and the normal force coefficient plotted against the angle of attack. The side force (arises from the asymmetricity of the vortex structure) appears and has nonlinear relation with the angle of attack. On the other hand, the normal force monotonically increases until = 55 degree. Time averaged x-directional vorticity distributions and the surface pressure distributions are shown for each angle of attacks in Fig. 9 . Asymmetry vortices are generated at all angles of attack. The asymmetricity of vortices is stronger when the angle of attack is higher. Two vortex filaments appear at the body apex and are axially convected by the axial flow. When the angle of attack is higher than 30 degrees, the vortex filament separates from the body surface due to the cross flow during the axial convection. After the vortex filament separation, new vortex filament is generated from the body as shown by red arrows in Fig. 9 . When the angle of attack is higher, the generation position of new vortex filament is closer to the body apex.
(a) =30deg.
(b) =40deg.
(c) =45deg The sectional side force distribution along the body axis is shown in Fig. 10 . The sectional side force is in the -y direction at almost of the axial position when the angle of attack is 30 degrees. When the angle of attack is higher, side force direction is reversed at a certain axial position (indicated by a red circles in Fig. 10 ), and the position at which the side force is reversed appears in closer position to the body apex with higher angle of attack. Next, distributions of the circumferential flow separation point are shown along the body axis at the aft-body in Fig. 11 ; the vertical axis indicates the separation points as circumferential angles from the windward meridian. The circumferential separation point changes with the axial position, the angle of attack and the body side (port or starboard side) as shown in Fig. 11 . Therefore the positional relation between the flow separation point and the actuator position also changes with them. This positional relation is considered to give significant effect on side force control by 
Side Force Control by Plasma Actuator
In this section, the side force control using the plasma actuator is discussed. First, the control mechanism of the plasma actuator is explained using the results of actuator position ±80 degrees. The control effect (change in the side force) is plotted against the plasma actuator control power (C ) in Fig. 12 . The negative value of C indicates the port side actuator-on. While the starboard side actuator is driven, the C is positive. As shown in Fig. 12 , the side force can be near-linearly controlled by the DBD plasma actuator. In the case of the starboard side actuator-on, the side force increase, while in the case of the port side actuator-on, the side force decrease. The control effects on the flow field are shown. The time averaged x-directional vorticity distributions at x/D = 4.5 axial position are shown in Fig. 13 ; the flow field in the actuator-on case is overlapped to that in the actuator-off case. The plasma actuator output power C is 0.064. The actuator-on case is shown by red line, on the other hand, the actuator-off case is shown by black line. As shown in Fig. 13 , the flow separation near the plasma actuator is delayed and the vortex filament is moved toward the body surface; as a result of this change in the flow, the surface pressure decreases at the body side where the actuator is on. This is the mechanism of the side force control by the plasma actuator. Figs. 14 through 16 , the correlation between the side force control and the flow separation point is cannot be observed in all cases. This is because the investigation does not take into the change in the actuator installation position. Next, the plasma actuator control effect is discussed focusing on the positional relation between the flow separation point and the actuator installation position. result at x/D=3.2 shows the strongest correlation. This result indicates that the plasma actuator at closer position to the body apex gives stronger control effects on the flow field. This is because the control input by the plasma actuator is convected downstream by the axial flow, the upstream plasma actuator can affect whole downstream flow field. In addition, the correlation in the case of the port side actuation is stronger than that in the case of the starboard side actuation. This is because the vortex structure at the starboard side is more complicated; a vortex filament is separated far away from the body surface, and then another vortex filament appears in the vicinity of the starboard side. It can be observed in Fig. 19,  when is approximately 15 degree, the maximum change in the side force can be obtained (black circles in Fig. 19 ).
(a) starboard side (b) port side 
Summary
In this paper, we analyzed the asymmetric separation vortices over the slender body using three-dimensional RANS/LES hybrid CFD simulations aiming to understand the DBD plasma actuator side force control mechanism. Especially, we investigated the effects of circumferential position of the DBD plasma actuator on the side force control.
First, the computational study on the asymmetric vortices over a high-angle-of-attack slender body is conducted without the DBD plasma actuator to understand the characteristics of the flow field of high angle of attack. The asymmetricity of the vortices is stronger with higher angle of attack, and the flow separation point changes with the angle of attack, axial position and the body side (port or starboard side); the positional relation between the flow separation point and the actuator location also changes with them. Next, the plasma actuator control effect is investigated focusing on the positional relation between the flow separation point and the actuator location. In the case of the port side actuation, the correlation between the side force control and the positional relation is stronger than the starboard side because of more complicated vortex structure at the starboard side. Furthermore, stronger correlation between the side force control and the positional relation ( ) of the flow separation point with the actuator location is more upstream axial position. The maximum control effect in the side force is obtained when the is approximately 15 degree. As a result, it is shown that the positional relation at axial position closer to the body apex is important on the plasma actuator control effect because the plasma actuator control effect is convected downstream by the axial flow.
Future Works
We will conduct numerical simulations of the flow field over the slender body with induced flow to the body axial direction by the DBD plasma actuator. The results obtained by the simulation will be validated by experiments.
